18 O ar values were measured in the aragonite of the growth increments of four Unio sp. shells; two from a relatively wet period and two from a very dry time interval (1910-1918 and 1969-1977, respectively 
Introduction
The Meuse is one of the major rivers in the Netherlands. It is a rain-fed river characterised by a pronounced rainfall-evaporation regime causing low discharge in summer and high discharge in winter (De Wit et al. 2007 ). Its 33,000 km 2 basin drains the northeast of France and eastern Belgium. The average discharge at Borgharen (Fig. 1) is 274 m 3 /s; highest peak discharges exceed 3000 m 3 /s and low-flow events can be less than 4 m 3 /s. Floods (e.g. 1993 Floods (e.g. and 1995 Floods (e.g. ) and droughts (e.g. 1976 Floods (e.g. and 2003 do occur, and both are expected to become more frequent due to an increase in precipitation extremes caused by climate change (Bürger 2002; Gregory et al. 1997; Pfister et al. 2004; Ward et al. 2008) . Large flood events mainly occur during the winter season when freshwater mussels do not grow. Severe drought in the Meuse hinterland generally occurs during the summerautumn time interval, which results in low Meuse river discharge. These droughts limit water availability for many purposes, including agriculture and the cooling of power plants. In addition, water quality deteriorates during episodes of droughts, threatening drinking water supplies and impacting on river ecology (Van Vliet and Zwolsman 2008) . Reduced discharge, and the associated changes in water chemistry, can potentially be recorded by freshwater bivalve shells.
In order to improve our understanding of river dynamics and to predict impacts of future climate change, it is important to gain insight into past discharge variability and the frequencies of floods and droughts. The instrumental Meuse discharge record only goes back to the early twentieth century. Therefore, it is crucial to develop proxies for river discharge prior to the period of instrumental record.
A likely candidate for such a proxy is the stable oxygen isotope ratio of the shells of unionid freshwater bivalves growing in rivers. These records have been previously demonstrated to be a useful proxy for past rainfall patterns, water source, or river discharge (Gajurel et al. 2006; Kaandorp et al. 2005; Ricken et al. 2003) . In this study, the possibilities and limitations of using unionid aragonite oxygen isotope ratios (d 18 O ar values) as a proxy for past river discharge in the river Meuse are investigated. Shell aragonite is precipitated in annual growth increments, which are clearly visible in dorsoventral sections of the shell. Shell aragonite of many freshwater bivalve species is deposited in oxygen isotopic equilibrium with the ambient water (Dettman et al. 1999; Goewert et al. 2007; Kaandorp et al. 2003) . Analysing growth increments at high-spatial resolution can thus reveal seasonal patterns in d 18 O ar . Unionids cease growing below a certain temperature threshold (Dettman et al. 1999; Dunca and Mutvei 2001; Goewert et al. 2007) , which is *12-13°C for the species used here (Negus 1966; Versteegh 2009 ). Therefore, only summer conditions can be recorded in the shell, and winters are represented by hiatuses.
It has previously been established that freshwater bivalve d
18 O ar values can be used as a proxy for past water compositions during summer by showing that aragonite in modern shells is precipitated in isotopic equilibrium with the ambient water (Dettman et al. 1999; Dettman et al. 2004; Goewert et al. 2007 Materials and methods
Freshwater mussels
Freshwater mussels of the genus Unio are abundant in freshwater bodies in the Netherlands. They form shells up to 12.5 cm in length and can live for up to 15 years (Gittenberger et al. 1998) . Three species are studied here: U. crassus, which became extinct in the Netherlands in 1968 (Gittenberger et al. 1998 ); U. Pictorum; and U. tumidus.
Shell collection
Four twentieth-century shells from the river Meuse were taken from museum and private collections. The mussels were all collected alive, and therefore these shells can be temporally aligned with the available instrumental records of water temperature and discharge of the river Meuse. Two sets of shells were collected in different locations: two specimens were collected in 1918 in Beegden and Bergen; and two specimens were collected in 1977 in Vierlingsbeek and Waalwijk. For specifications of all specimens and collection sites, the reader is referred to Fig. 1 and Table 1 . Unfortunately, any shells collected during the reference time interval (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) proved unsuitable for further analysis, because they originated not from the river itself, but a connected lake, or growth increments were too narrow to be identified up to the ventral margin.
Collection of river-data
Water temperature and discharge variability (river discharge: Fig. 2 (Fig. 1) . Discharge data were used from the gauging station at Borgharen.
The only continuous multi-year d 18 O w record for the river Meuse has been measured at Eijsden during the time interval [1990] [1991] [1992] [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] (Fig. 1) . This dataset was obtained from the Centre for Isotope Research, University of Groningen (Fig. 3) (Versteegh 2009 ).
Sampling and analysis of shells Shells were embedded in epoxy resin and sections of 300 lm were cut perpendicular to the growth lines, along the dorso-ventral axis of the shell ( Fig. 1a-b) . The nacreous layer of the shell was sampled with a Merchantek Micromill microsampler. Drill bit diameter was * 800 lm and sampling resolution was 100-500 lm corresponding to a time span of between 6 days and [ 2 months, depending on growth rate. Drilling depth was * 250 lm. Samples were analysed for d
18 O ar values either on a Finnigan MAT 252 mass spectrometer equipped with a Kiel II device or a Finnigan Delta ? mass spectrometer with a GasBench II. On both systems, the long-term standard deviation of a routinely analysed in-house CaCO 3 standard was \ 0.1 %. This CaCO 3 standard is regularly calibrated to NBS 18, 19, and 20 (National Institute of Standards and Technology). Typical sample size for the MAT 252 system lies at 10-20 lg. For the Delta ? system, samples of 20-50 lg are required. Occasional duplicate analyses confirmed that these two systems gave comparable results.
Calculation of d 18 O wr values
For the calculations of d 18 O wr , the equation of Grossman and Ku (1986) as modified by Dettman et al. (1999) was used:
where T is the water temperature in degrees Kelvin and a is the fractionation between water and aragonite described by:
where ar is shell aragonite and w is water. Gonfiantini et al. (1995) :
Results
River data
The complete discharge record from Borgharen, covering the time interval November 1911-2007, is shown in Fig. 2 . Both the maximum discharge values and the minimum discharge values show marked seasonal dry and wet intervals. The shells studied here grew in either an interval with relatively high summer discharge values (1910) (1911) (1912) (1913) (1914) (1915) (1916) (1917) (1918) or a time interval with exceptionally low-discharge values (1969) (1970) (1971) (1972) (1973) (1974) (1975) (1976) (1977) . These two time intervals are shown in the insets of Fig. 2 . To facilitate qualitative comparison with the d
18
O wr output, the mean, minimum and maximum discharges for the shell growing season (April-October; Versteegh 2009) of each year were calculated. Subsequently, the years were classified into five discharge classes by applying k-means cluster analysis on the natural logarithm of these values. These classes were labelled ''very high'', ''high'', ''normal'', ''low'' and ''very low'' (Fig. 4) . The two lowest minimum discharge classes (''low'' and ''very low'') represent summers in which the minimum discharge was B 6 m 3 /s. For the time intervals 1912-1918 and 1969-1977 , this classification is shown in Fig. 4 .
From the discharge record, it appears that discharges were high during the time interval 1910 -1918 . In the years 1916 , 1917 and 1918 , the Meuse experienced very high (e.g. 1971 and 1976) mean discharges and very high minimum discharges; the latter was also the case for the years 1913, 1914 and 1915 (Fig. 4) . In contrast, during the time interval 1969-1977, the Meuse experienced several extremely dry summers with minima B 2 m 3 /s: 1969, 1971, 1973, 1974, 1976 and 1977 , whereby during the year 1976 the seasonal mean and maximum was also very low. The year 1976 was exceptionally dry and hot (Können and Fransen 1996) and had the longest time interval with extremely low discharges of the entire record for (Fig. 4) (Fig. 5a-d) . One year of growth is represented by a wide summer trough and a narrow positive peak. This narrow peak corresponds to d
O ar values precipitated during slow growth just prior to and shortly after the winter growth cessation (Dettman et al. 1999; Goodwin et al. 2003; Versteegh et al. 2009 ). In these shells, d
O ar values vary between -4.7 and -7.5 % (VPDB), which is representative for the river Meuse (Verdegaal et al. 2005; Versteegh et al. 2009 ). The total number of growing seasons recorded in the shells varies between two in Waalwijk 1977 (Fig. 5d ) and over 14 in Beegden 1918 (Fig. 5a ). 1970 1971 1972 1973 1974 1975 1976 1977 Fig. 4 Discharges categorised in five classes with respect to mean, minimum and maximum discharges during the season April-October 1912 -1918 and 1969 -1977 O w value of -7.1 % (VSMOW) with summer maxima of -6.0 to -6.5 % (VSMOW) and winter minima of -7.7 to -8.4 % (VSMOW; Fig. 3 (Fig. 3) .
Discussion

To evaluate whether a quantifiable relationship between d
18 O w and discharge exists, these variables were used for constructing a correlation diagram (Fig. 6) . The relationship between d
18 O w and discharge (Q) is logarithmic, because the differences between mean and minimum and mean and maximum discharge within one year are both about an order of magnitude. In addition, discharge cannot have a negative value. The logarithmic relationship has the following equation (full data set):
This relationship is particularly interesting for the summer time interval, since the mussels studied precipitate their shells only during summer (April-October; Negus 1966; Versteegh 2009 ). For the summer data, this relationship has the following equation: The logarithmic regressions approximate the data points well using the full dataset or only the summer data (for Verdegaal et al. (2005) statistics of linear and quadratic regressions see Table 2 ). However, the variance of data points is * 1 % for a given discharge value. The data used to construct Fig. 6 O w values will only differ slightly between the normal to extremely high summer discharge situations. Therefore, it is not possible to detect and reconstruct high summer discharges reliably. In the low to extremely low-discharge situations, however, d
18 O w values will show a significant shift towards higher values, enabling detection of summer droughts in the river Meuse (Fig. 6 ). (Fig. 5a) . In this shell, the growth seasons could not be identified up to the ventral margin and thus calendar years could not be assigned to the seasons. Therefore, this shell was excluded from the d 18 O w reconstructions. The other three shells exhibited high growth rates throughout their lives, which made them useful for the d 18 O w reconstructions presented here. d 18 O w values were calculated from measured d 18 O ar values and water temperatures, using Eqs. 1-3. It has previously been established that growth starts when water temperature rises above 13.5°C and ceases when water temperature falls below that temperature (Versteegh 2009 ). These temperatures were used to determine the dates of onset and cessation of growth for each year. It is likely that intra-seasonal growth is non-linear. However, since no robust growth model is available yet for these species, intra-seasonal growth was assumed to be linear. In order to clearly visualise the range of d
18 O wr values, these data were plotted per season by means of a box-whisker diagram (Fig. 7a-c) . From the 1997-2007 d
18 O w dataset, measurements of the months April to October (the growth season of the shells) were selected. The 2, 5, 25, 75, 95, and 98% percentiles of these data were calculated (Fig. 7a-c Molluscan d 18 O ar as a recorder of low summer discharge As described earlier, low summer discharges can be recognised in river d
18 O w values and are potentially recorded by unionids; this is not the case for high summer discharges. The focus therefore lies on the low to extremely low-discharge events that occurred during the lifetime of the 1998 and 1977 shells (the 2 lowest classes in the minimum discharge record).
In (Fig. 7b-c) . This suggests that d
18 O wr values from unionid shells are a useful proxy for summer low-discharge events. However, the proxy does not appear to work in all years: during 1972 d 18 O wr values range above the 95% percentile, whereas minimum discharge was normal during that year; the year 1974 did have a very low minimum discharge, but d
18 O wr values do not range above the 95% percentile (Fig. 7b) . Possible causes for the failure to detect low-discharge events can be: (1) this lowdischarge summer was not accompanied by high d
18 O w values in the river or (2) the shell experienced a temporary growth shutdown due to an environmental disturbance. If this type of temporary growth shutdown is indeed the case, and occurs often, this poses a serious problem for the reliability of the proxy. Erroneous recording of a low-discharge season might happen when a shell grew in an environment relatively isolated from the riverbed, experiencing a large influence of local evaporation. The use of a larger set of shells would enable us to distinguish between these possibilities.
Quantitative reconstruction of summer discharge
To investigate if past Meuse discharges can be quantified, reconstructed discharges were calculated using Eq. 5. Because of the focus on the low-discharge situation, reconstructed and measured discharges are plotted on a logarithmic scale (Fig. 8a-c) . Correlations between measured and reconstructed discharge are very poor in all three shells (Table 3 ). Visual comparison in Fig. 8 confirms that high-discharge events cannot be reconstructed. In the cases of the years 1917 and 1918 reconstructed discharge values are much higher than ever recorded in the Meuse. The quantitative reconstruction of low-discharge appears accurate in the years 1970, 1972 and 1973 in the Vierlingsbeek shell. The other dry summers appear to show the correct lower boundary of discharge values but not with the correct timing (e.g. 1969 (e.g. and 1976 (e.g. in the Vierlingsbeek shell and 1976 (e.g. and 1977 in the Waalwijk shell). This timing discrepancy probably occurs because of the assumption of linear intra-seasonal growth, which is not likely for Unionidae (Howard 1922; Negus 1966; Versteegh 2009 
Conclusions
Due to global warming, extreme precipitation events are expected to become more frequent in the Meuse basin, probably leading to extremely low and high discharges of this river. In order to better predict impacts of future climate change, knowledge of the past is essential. Therefore, the utility of freshwater mussel O w values and Meuse discharge might be realised by analysing many more samples (e.g. 30) from the same time interval than the three specimens presented here.
